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Abstract 
Low salinity waterflooding is an enhanced oil recovery technique that has been demonstrated to have the potential 
to increase ultimate recovery by 5-38%.  Evidence from core as well as field tests has led a number of major oil 
companies to look at adopting this technique.  To date research has focused on identifying the physical 
mechanisms which lead to reduction in residual oil saturation.   A proposed model for representing low salinity 
waterflooding using salinity dependent relative permeabilities has been implemented in a number of commercial 
reservoir simulators as an approach to represent the low salinity effect macroscopically.  This paper aims to use a 
current commercial simulator implementing this modeling approach and analyze the sensitivity of key simulation, 
fluid and reservoir properties. Through a number of 1D, 2D and 3D reservoir base cases the gridding effects (cell 
size and orientation), mobility ratio, heterogeneity and dip angle are simulated to understand qualitatively and 
quantitatively the sensitivity of the simulator to these parameters.  In addition, a salinity dependent permeability 
model is introduced for the first time to analyze the coupled effect of formation damage and reduction in residual oil 
saturation through the low salinity effect.   
Testing has demonstrated the need to understand all levels of dispersion attributed to the reservoir model, be it 
from cell sizing, grid orientation or physical, which are the controlling features to the simulated recovery of low 
salinity water injection.  Results from this study indicated that the grid orientation effect is more severe in low 
salinity waterflooding than in a conventional waterflooding simulation.  Simulations solely changing from a parallel 
to diagonal grid showed incremental recovery to vary by up to 49%.  In addition, contrasting other studies involving 
miscible injection, the grid orientation effect was demonstrated even for mobility ratios <1.  The dispersion assigned 
to a model plays a dominant role in the recovery, with ultimate recovery changed by 2-15% based on an 
experimental range of dispersivity.  A simulation of permeability reduction through formation damage also indicated 
that permeability reduction derived from low salinity waterflooding could improve sweep efficiency and improve 
recovery.  The flood performance of low salinity water was found to still be controlled by volumetric sweep 
efficiency and therefore the use of historical waterflooding data may provide an indicator to performance. 
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Abstract 
Low salinity waterflooding is an enhanced oil recovery technique that has been demonstrated to have the potential to increase  
ultimate recovery by 5-38%.  Evidence from core as well as field tests has led a number of major oil companies to look at 
adopting this technique.  To date research has focused on identifying the physical mechanisms which lead to reduction in 
residual oil saturation.   A proposed model for representing low salinity waterflooding using salinity dependent relative 
permeabilities has been implemented in a number of commercial reservoir simulators as an approach to represent the low 
salinity effect macroscopically.  This paper aims to use a current commercial simulator implementing this modeling approach 
and analyze the sensitivity of key simulation, fluid and reservoir properties. Through a number of 1D, 2D and 3D reservoir 
base cases the gridding effects (cell size and orientation), mobility ratio, heterogeneity and dip angle are simulated to 
understand qualitatively and quantitatively the sensitivity of the simulator to these parameters.  In addition, a salinity dependent 
permeability model is introduced for the first time to analyze the coupled effect of formation damage and reduction in residual 
oil saturation through the low salinity effect.   
Testing has demonstrated the need to understand all levels of dispersion attributed to the reservoir model, be it from cell 
sizing, grid orientation or physical, which are the controlling features to the simulated recovery of low salinity water injection.  
Results from this study indicated that the grid orientation effect is more severe in low salinity waterflooding than in a 
conventional waterflooding simulation.  Simulations solely changing from a parallel to diagonal grid showed incremental 
recovery to vary by up to 49%.  In addition, contrasting other studies involving miscible injection, the grid orientation effect  
was demonstrated even for mobility ratios <1.  The dispersion assigned to a model plays a dominant role in the recovery, with  
ultimate recovery changed by 2-15% based on an experimental range of dispersivity.  A simulation of permeability reduction 
through formation damage also indicated that permeability reduction derived from low salinity waterflooding could improve 
sweep efficiency and improve recovery.  The flood performance of low salinity water was found to still be controlled by 
volumetric sweep efficiency and therefore the use of historical waterflooding data may provide an indicator to performance.  
Introduction 
Low salinity waterflooding is an enhanced oil recovery technique which over the last 15 years, has been demonstrated to 
increase recovery in secondary and tertiary waterflooding under certain reservoir conditions.  The subject was first discussed 
by Bernard (1967), but left untouched in the literature until Jadunandan et al. (1995) recognized the effect of changing the 
salinity of injected water on an apparent change to the wettability leading to increased recovery.  Generally speaking low 
salinity water is defined as water with a salinity <7000ppm, compared to ~35 000ppm for seawater. There has been a rapid 
increase in the number of core experiments -  to date 411 (Al-adasani et al. 2012) - carried out with the aim of identifying the 
mechanism causing increased oil recovery.  It has been demonstrated to improve waterflood performance by 5 -38% (Jerauld et 
al. 2008a).   Despite all of these studies, the mechanism is still an area of debate. Some have tried to explain the changes from 
the macroscopic viewpoint, such as wettability, while others have begun to look at the physical principles that cause the 
changes.  It is generally becoming recognized that the primary mechanism can be attributed to double layer expansion 
Suijkerbuijk et al. (2012).   
In addition to the core tests there have been field tests in the form of SWCTT and inter-well tests proving the improvement 
in recovery at the field scale (Mahani et al. 2011; Vledder et al. 2010; Seccombe et al. 2008; Webb et al. 2003; Sorbie & 
Collins 2010).    However, a number of tests have failed to show increased recovery or recovery in tertiary flooding, leading to 
the remaining uncertainty in the mechanisms (Skrettingland et al. 2010).  
There have been a limited number of papers on modeling of low salinity waterflooding. The majority of published material 
focuses on developing simulation techniques (Jerauld et al. 2008a; Omekeh et al. 2012; Fjelde et al. 2013), in particular with 
the use of modified relative permeability curves.  The coverage of simulation has concentrated on applying models to 
successfully match core data, or completing 1D and 2D analysis (Kristensen et al. 2011).  Notably Tripathi and Mohanty 
(2007) looked at the stability of the oil bank in 1D flow using numerical simulation.  Therefore, there currently lacks an 
assessment of the sensitivity of simulation results of low salinity water flooding. 
 
The Low Salinity Waterflooding Mechanism 
The majority of papers have defined increased recovery through a change from mixed/oil-wet to water-wet, (Tang & Morrow 
1997).  This change in wettability has been attributed over the years to fines migration, change in pH, multicomponent ion 
Comment [y1]: Explain what this stands 
for 
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exchange and double layer expansion (Austad et al. 2010; Ligthelm et al. 2009; Zeinijahromi & Bedrikovetsky 2013).  Over 
recent years there has been a concerted effort by a number of authors to look at the microscopic interactions which are causing 
the change in wettability, it is to say, that the wettability change is as a result of the increased recovery brought about by 
changes in the Oil/Rock/Brine interaction.  This involves the alteration of the ionic strength of the brine causing a change of 
the negative charge present on the surface of clays.  High salinity water shields the negative surface charges resulting in a  
thinner double layer and therefore greater attachment of polar oil molecules.  With a decrease in the ionic concentration the 
double layer expands, resulting in desorption of polar oil molecules, causing a change in wettability and increased recovery.   
This explanation has to some degree been proven true in secondary mode though not in tertiary (Nasralla & Nasr-El-Din 2012).  
Therefore, work is still required in understanding the microscopic changes taking place and how to quantify these properties in 
order to characterize the increased recovery.   
There is a need to assess multiple mechanisms taking place at once, all contributing to recovery.  This is true in terms of 
multi-component ion exchange and double layer interaction, looking at quantifying the electrostatic forces controlling the 
release of oil.  Further, the same surface charge changes causing the reduction in residual oil saturation, are also linked t o the 
process which leads to fines migration.  
 
Formation Damage  
The fines migration discussed with regards to the mechanism has traditionally been linked along with clay swelling to 
formation damage – the reduction of reservoir permeability due to the composition of injected water. It  has been understood for 
over 60 years (Muskat 1949) that the reduction in salinity results in the release of clay particles, leading to pore blocking and 
the swelling of the clays.  The Cerro Fortunoso field showed reduced salinity waterflooding causing permeability reduction an d 
complete loss of injectivity (Galliano et al. 2000).  It is proposed that the injection of low salinity water for the purposes of 
enhanced recovery may also lead to permeability reduction of the reservoir.  This is a field scale effect and it was determined 
that the simulation of this was important to identify to what extent it impacts on the waterflooding scheme.  Therefore, part of 
this study assesses the impact of permeability reduction on the incremental oil recovery by tertiary low salinity water injec tion.     
 
The Low Salinity Workflow and Proposed Study 
Suijerbuijk et al. (2013) formed a comprehensive workflow for assessing the low salinity response.  The study of a reservoir is 
achieved through the integration of specific studies for various length scales leading into the final function of field scale  
simulation.  The procedure divides analysis of low salinity waterflooding into the atomic, pore, core and field scale, with all 
parts leading to a greater ability to predict the outcome of low salinity waterflooding.  This study adheres to this workflow in 
assessing the reservoir length scale.  
Research has so far concentrated on the fundamental mechanisms which are vital to allow predictive models. There have 
been a handful of papers covering the implementation of current modeling tools in using relative permeabilities from low 
salinity waterflooding tests and implementing these in reservoir simulators.  The lack of evaluation of the sensitivities of the 
models used in low salinity waterflooding reservoir simulations has led to difficulty for engineers looking to conduct 
simulations and screen reservoirs.   
The aim of this study is to assess the impact of a number of key reservoir and simulation properties on the predicted 
performance of low salinity waterflooding using the commercial reservoir simulator ECLIPSE.  This is achieved through 
isolating variables in a number of 1D, 2D and 3D base cases.  The paper first presents a widely applied low salinity modeling 
approach (Jerauld et al. 2008b) and assesses the sensitivity of such an approach to grid resolution and orientation.  Looking 
initially at evaluating the approach of equating numerical to physical dispersion taken by a number of authors (Jerauld et al. 
2008b; Tripathi & Mohanty 2007).  Followed is an analysis of the variation and sensitivity of recovery to the mixing level 
introduced between the in-situ brine and low salinity water.  The model further implements a coupled low salinity 
waterflooding and formation damage model, to evaluate the two known impacts of low salinity water.  Finally findings from a 
3D sensitivity study looking into vertical conductivity and dip angle effects are presented. These sensitivities are assessed at a 
range of mobility and heterogeneity levels, to identify the impact these parameters have over a number of reservoir condition s. 
Methodology 
 
Modeling Low Salinity EOR 
In the absence of a mechanistic model that represents low salinity water injection, the modeling approach proposed by Jerauld 
(Jerauld et al. 2008a) is implemented.  The procedure captures the increased recovery (reduction in residual oil saturation) 
using salinity dependent relative permeability curves.  The simulation uses two sets of relative permeability curves, one 
representing a high salinity flood and the other a low salinity.  Represented in Figure 1 between these two relative permeability 
curves a linear interpolation takes place for the end points to establish curves for intermediate salinities.  The saturation  end 
points are modified according to equations (1)-(6).  In this study a set of synthetic relative permeability curves generated by 
Tripathi (2007) are used – the Corey parameters are presented in Table 1.  The curves represent a mixed wet sandstone 
reservoir.  It has been recognized that the low salinity effect does not result in a linear decrease in residual oil saturati on with 
reduced salinity and is in fact piecewise.  The low salinity effect – increased recovery – only initiates below a threshold salinity 
(7000ppm) and improvements until a lower threshold (1000ppm), at which point additional recovery does not improve with 
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further decreases in concentration.  This has been implemented in the simulation with threshold values taken from the study by 
Tripathi. 
Table 1 - Corey parameters for the synthetic relative permeabilities used in base model. 
Corey Parameter High Salinity Value Low Salinity Value 
nw 3 4 
no 3 2 
kro 1 1 
krw 0.5 0.5 
swr 0.15 0.15 
sor 0.3 0.1 
 
 
Figure 1 - Synthetic relative permeability curves used in simulation, representing high and low salinity flooding.  
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𝐻  ...................................................................................................................................................................... (4) 
𝑘𝑟𝑤 = 𝐹1𝑘𝑟𝑤
𝐿 + (1 − 𝐹1)𝑘𝑟𝑤
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𝐿 + (1 − 𝐹1)𝑘𝑟𝑜
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Modeling Salt Transport 
The salt component is modeled as a single lumped parameter carried only in the water phase, with the density and viscosity of  
the water being dependent on salinity (ECLIPSE, 2012).  The salt is solved as a tracer flowing in the water phase, so the impact 
of ad-or-desorption is not accounted for in this study.  It is recognized that the injection of lower salinity water into high 
salinity brine will result in mixing of the salt resulting in a concentration gradient.  The extent of dispersion – mixing - is 
governed by molecular diffusion and convective mixing.  The estimation of the magnitude of this dispersion is a subject of 
great research (Gelhar et al. 1992; Jagannathan et al. 2002).  To date out with specific field studies (inter-well or field tests), 
there are no simple methods to estimate the level of dispersion within a reservoir.    The work of Gelhar et al. (1992a), which 
compiled numerous experimental results from SWCTT and inter-well experiments, generally recognized that longitudinal 
dispersivity increases with the distance between wells, as shown in Figure 2.  Dispersivity is a velocity independent (with the 
dimension of length) parameter quantifying the convective term attributed to a porous media, its relation to dispersion can be 
seen in equation (11).   In this study an estimate for the level of dispersion is predicted using the experimental data with the aid 
of correlations by Xu and Eckstein (1995) and Neuman (1990), equations (7)-(8).  This provides a range for a 1040ft well 
distance of 12.5-125ft. The apparent uncertainty in this parameter is already clear.  Transverse dispersivity is of greater 
uncertainty. However it is known to be generally a second order effect, it is found to decrease with length scale and is set at 
being 10% of the longitudinal (Bryant et al. 2008). 
There is considerable debate as to the appropriate figures to use and in part, this is why the study has looked to analyze  a 
range of dispersivities based on two different proposed correlation, highlighting the impact of selecting one value over anot her. 
1000ppm<Csalt< 
 
7000ppm 
Csalt≥7000ppm Csalt≤1000ppm 
Comment [y2]: Extension to sw=1 may 
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Figure 2 - Experimental data presented by Gelhar, Welty and Rehfeldt of compiled data of estimated dispersivity for differing 
length scales.  Overlaid correlations presented by Xu and Neuman. 
 
Xu Eq14:   𝛼𝐿 = 3.28 ∗ 0.83(LOG10(𝐿 ∗ 0.3048))
2.414 ............................................................................................................................... (7) 
Neuman:   𝛼𝐿 = 3.28 ∗ 0.32(𝐿 ∗ 0.3048)
0.83 ................................................................................................................................................. (8) 
 
Dispersion is integrated into the model in two forms during this study; the first is through the use of fine models and 
inputting a dispersivity coefficient into the flow equations.  The second is to use the proposed equivalence between numerical 
and physical dispersion (LANTZ 1971; Jerauld et al. 2008a) using larger grid blocks to replicate physical dispersion.  The 
validity of this method is assessed through an initial 1D model. 
Physical dispersion: is represented with a velocity dependent dispersivity factor obtained from Figure 2.  The full 
expression for diffusion-dispersion in 2 dimensions (streamwise and counter-streamwise) is given by equation (9). For the 
purposes of this study this is reduced to expression (11), based on the assumption that molecular diffusion<<convective 
diffusion, which is generally true for most reservoirs flowing at typically 1ft/day (Delgado 2007).  If the reservoir fluid was 
flowing at low interstitial velocity then the dispersion will tend towards molecular diffusion. 
𝐷 = [𝛼𝑚𝐼 + |𝑢|(𝛼𝐿𝐸(𝑢) + 𝛼𝑇𝐸
⊥(𝑢)] .............................................................................................................................................................. (9) 
𝐸 =
1
|𝑢|2
[𝑢
2 𝑢𝑣
𝑢𝑣 𝑣2
] ................................................................................................................................................................................................ (10) 
𝐷𝐿 =∝𝐿 |𝑢|,  𝐷𝑇 =∝𝑇 |𝑢| ................................................................................................................................................................................... (11) 
Numerical dispersion: Is estimated using Lantz’s expression (Lantz 1971) for the truncation error for a backwards-
differencing implicit solver (equivalent to the upstream solver in Eclipse), equation (12).  The simulations conducted use small 
timesteps resulting in the timestep dependent numerical dispersion tending to zero.  Therefore, numerical dispersion is 
proposed to equal half the grid block size; the dispersion is isotropic for square blocks.  
𝛼𝐿 =
𝛿𝑥
2
+
𝑢𝛿𝑡
2
≈
𝛿𝑥
2
 .............................................................................................................................................................................................. (12) 
The assertion of the acceptable equivalence of numerical and physical dispersion (Jerauld et al. 2008b; Tripathi & Mohanty 
2007) is assessed in the initial part of the study.  Comparison is made to the 1 dimensional analytical solution (equation (14)) to 
the convection dispersion equation (equation (13))  for contaminant transport in miscible floods (Abedi et al. 2013), to analyze 
the concentration gradients and initial assumptions made in the Lantz approximation.  The Peclet number (N Pe) is a 
dimensionless number quantifying advective to diffusive transport. 
𝜕𝐶𝐷
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Modeling Formation Damage 
A number of predictive models have been developed for permeability reduction (Sharma et al. 1985; Zeinijahromi & 
Bedrikovetsky 2013; Ohen & Civan 1993), generally based on application of DLVO theory.  However, these techniques 
require a depth of knowledge of the reservoir.  Therefore, in order to simply quantify the magnitude of the impact it was 
decided to use a range of experimental results produced on Berea Sandstone cores from a study by Khilar and Fogler (1984).  
This gave a range of both critical salt concentration (CSC) - the concentration at which flocculation of clays is initiated - and 
the magnitude of permeability reduction.  These values ranged for CSC from ~3500-5500ppm and reduction in permeability to 
effectively 0.  The range inputted in the sensitivity study was a reduction factor from 0.2-1 and a CSC of 0.7-2.45lb/stb (2000-
7000ppm). 
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The permeability reduction due to low salinity water, is simulated by tracking each grid block salinity concentration and 
setting a threshold salinity level (CSC) at which the permeability reduction was introduced, triggering a multiplier to reduc e the 
permeability of the block. 
The impact of salinity dependent permeability was analyzed using CSC and the permeability reduction factor as the key 
variables. 
Simulation Model Descriptions 
The base cases were constructed in Petrel RE and simulated with ECLIPSE 100, all models were run in 2 phase with no gas 
present.  The low salinity relative permeability curves presented previously are used in all models; other reservoir properti es 
common to the models are listed in Table 2. 
Table 2 – Reservoir Properties 
Property Value 
Swi 0.24 
w (Hi-Salinity) 0.4cP 
w (lo-salinity) 0.34cP 
Cf 4x10
-6
psi
-1
 
kmean 545mD 
Ø 0.2 
Swi 0.24 
Depth 7100ft 
Initial Pressure 3814.7psi 
1D Model 
The 1D model was developed to investigate the equivalence of numerical and physical dispersion.  The model is a 
1004ftx50ftx50ft model consisting of 2ft thick high-permeability injection zones at either end of the model, with the central 
1000ft having variable cell spacing, Figure 3.  The injection zones are used to maintain constant well spacing.   
 
Figure 3 - Schematic of 1D model. 
2D Base Case 
The model uses a quarter 5 spot pattern, measuring 1000ft square and 100ft thick.  A fixed well distance of 1040ft is set wit h a 
uniform porosity of 0.2, to ensure that there was an equal pore volume between cases.   
In order to evaluate the impact of heterogeneity, different permeability realizations were created for a 20x20x1 (400cell) 
and 200x200x1 (40 000cell case) grids using a log-normal distribution.  The two grids were selected so that the fine model 
could be used to test sensitivity to dispersion and the 400 cell model had a fixed dispersion (~25ft using equation (11)), to 
analyze formation damage.  The degree of heterogeneity was determined using the Dykstra-Parsons coefficient equation (15), 
with a range of realizations from V=0 to V=0.89, homogenous to very heterogeneous. 
𝑉 =
𝑘50−𝑘84.1
𝑘50
  ......................................................................................................................................................................................................... (15) 
Mobility ratios in the model were varied using oil viscosity in the range of 0.25cp to 4.25cp. The corresponding density of 
the oil was calculated using the GlasØ correlation (1980).  The density of the water was assumed to be constant in the 
sensitivity study.  Temperature and heat transfer are not included in this investigation. 
The primary sensitivity study was completed with the 2D model looking at dispersion factor, mobility ratio, heterogeneity, 
formation damage and the impact of the salt concentration used in secondary flooding.  
Grid Orientation Models 
The models assessing the impact of grid orientation used a 2D diagonal and parallel grid, as shown in Figure 4, with a 1000ft 
square model with a depth of 100ft, the grid used 5x5x100ft grid cells.  The model consisted of an equally spaced injector and 
producer with a well distance of 1040ft.  A 5 point difference scheme is utilized in the reservoir simulator, since a 9 point  
system has yet to be developed to include dispersion. 
 
Figure 4 - Schematic of diagonal and parallel grids used in study, with injector and producer.  
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3D Base Case Design 
The model used was a section of the 2D model being 550ftx1000ftx100ft with grid cells of 50ftx50ftx10ft.  The wells were 
placed 1000ft apart.  Grids were created with dip angles of 0°, 5°, 15° and 25°, with injection occurring downdip.  The kv/kh 
ratio was varied in the sensitivity study, with cases at a ratio of 0.1, 0.5 and 0.8.  Capillary pressure is neglected. 
 
Simulation Procedure 
Low salinity injection was simulated in both secondary and tertiary injection mode:  
Secondary: The reservoir initially filled with high salinity connate water (35 000ppm) has low salinity water injected from 
the first day of production. 
Tertiary: The reservoir is again filled with high salinity connate water.  Injection of water begins from the sta rt of 
production, with this injected water being of high salinity water.  The injection of high salinity water continues until a 
produced water cut of 0.9.  This initiates a switch to low salinity water injection.  
The wells are controlled by BHP with a limit for the injector set to 4200psi and producer at 3600psi.  Evaluation of the 
model is completed by calculating the incremental recovery, equation (16).  This is achieved by comparing the low salinity 
waterflooding case, with the simulated recovery if high salinity water had been injected over the whole simulation period – no 
low salinity case. 
𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝑅𝐹𝐿𝑜𝑤 − 𝑅𝐹𝐻𝑖  .................................................................................................................................................. (16) 
Results 
 
1 Dimensional Analysis – Equivalence of Numerical and Physical Dispersion Simulations 
A comparison was made between two 1D simulation cases one using numerical and the other physical dispersion, in a low 
salinity waterflooding in secondary mode case, presented in Figure 5 .  This was conducted as a number of authors have 
asserted its use in quantifying the level of mixing between high and low salinity water in the reservoir.  
 
Figure 5 (a), (b) – (a), left, comparison of 1Dimensional flooding with 20Cell model and 2000cell model (with physical 
dispersion set to 25ft), Buckley-Leverett solution overlaid.  The initial water saturation for this model was altered to 0.15, to 
create a pure secondary recovery mode. (b), right, comparison of salt concentration profile from the convection diffusion 
equation to a 2000cell and 20 cell simulations. T=420days.  
 
Analysing the water saturation curve (dotted line), it can be seen that a sharp saturation front is formed by the fine model 
showing piston like displacement.  The 20 cell model has a smeared saturation front.  With physical dispersion, only mixing of 
the salt is simulated and accounted for, therefore the saturation front itself is unaffected.  Looking at the corresponding distance 
with the concentration plot, it is seen that the fine model has a simulated step change in the salt concentration.  This is going 
from the connate water which has the initial salinity value and to that across the front which is that of the mixed zone of w ater.  
The interstitial water is immobile in the initial shock therefore no mixing occurs with lower salinity water until the low salinity 
water comes into contact with it.  Therefore, both a saturation shock and concentration shock are simulated, this has also been 
identified in experiments (Fjelde et al. 2012).  This step change is smeared out with the 20 cell model, where the lower salinity 
water mixes earlier with the connate water resulting in smearing of the concentration shock.  The result of this shock in 
concentration is a delayed attainment of the low salinity threshold, which will appear as if the fine model has increased 
dispersion present.  The Buckley-Leverett solution derived from adapted polymer analysis (Pope 1980; Tripathi & Mohanty 
2007), is overlaid.  The initial shock front matches the 2000cell solution, however due to dispersion and salinity dependent 
relative permeabilites the secondary shock will not match – further fluid properties of the water change based on salinity.   
Analysing the saturation curve at XD=0.72 another deviation can be seen between the numerical and physical case.  The 20 
cell model shows a lower water saturation till the low salinity breakthrough at XD=0.72, followed by a steady increase in 
saturation.  There is no sharp shock due to the salinity dependent relative permeabilities and dispersion.  As can be seen in 
comparing the concentration at the same distance, at the point saturation begins to increase the concentration falls below the 
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upper salinity threshold.  In the 2000cell model, there is a drop in water saturation at the corresponding distance.  This is as a 
result of the simulated formation of an oil bank which travels at a faster velocity than the low salinity water.  This oil bank does 
not occur in the 20 cell case and this is thought to be as a result of smearing of the oil saturation.  Figure 6 presents more 
visually the saturation results from Figure 5 .   
 
    20 Cell 
2000 Cell 
       
Figure 6 - Oil saturation at the same timestep as the saturation and concentration profile shown in figure 1.  Cross section of the 
20 cell and 2000cell model is presented. 
A comparison was made between the analytical solution to the 1 Dimensional convection dispersion equation Figure 5 (b).  
This showed as previously noted that the numerical dispersion resembles the trend of the analytical solution.  Deviation can be 
seen between the two curves, however, it is noted that the velocity in the model varied a small degree ±~0.3ft/day and the 
analytical equation provides a solution to a single phase fluid flowing.  Therefore in the two phase flow solution presented 
there is some deviation.  Noted by previous authors (Sorbie & Mackay 2000) leading to a decrease in size of the mixing zone, 
with the 20 cell curve being sharper than the analytical solution.  As discussed earlier with the use of physical dispersion a 
further aspect is seen with the immovable connate water saturation leading to a solute concentrations shock which is not 
represented in the analytical solution.  The point to note out of this study is the difference in predicted mixing zones between 
the numerical solution and physical solution in this simulated scenario.     
This study has simply highlighted a number of inconsistencies with using previously postulated assumptions.  In particu lar 
the equivalence of numerical to physical dispersion using grid block size twice the level of dispersion was based on the 
approximation of matching the convective diffusive equation with the truncation error of numerical discretisation, this does 
hold true.  However, this does not compare well to the physical dispersion case.   
It is hypothesised that under tertiary recovery the numerical and physical case will tend to the same solution.  However the 
study has alluded to observed limitations in the assumptions used in the equivalence of dispersion.   
The 2D analysis that follows assesses the impact of dispersion using dispersivity coefficients and this can be indicative to 
the range of uncertainty that can be attributed to numerical dispersion through grid block sizing.  The numbers provide a useful 
indicator to the magnitude with which dispersion will play. 
 
2 Dimensional Studies  
Grid Orientation 
It has been widely reported in conventional water flooding that simulation results are dependent on grid orientation for adverse 
mobility ratios (Brand et al. 1991; Wolcott et al. 1996; Shubin & Bell 1984).  Simulated low salinity tertiary flooding resulted 
in significant deviation in incremental recovery between parallel and diagonal grids with a variation of ~0.07 (7% of ultimate 
recovery) for M=0.3, as shown in Figure 7.  Diagonal grids have increased recovery compared to parallel grids. It has a 
constant effect at all dispersivity levels.  A percentage change of between 10-49% of incremental recovery predictions were 
attributed to grid orientation for the same case, over a mobility range M=0.3-5.6 and V=0-0.86. 
 
Figure 7 - RF of diagonal and parallel arrangements, for a tertiary low salinity flood, presented is a mobility ratio of 0.3 (left) 
5.3 (right), in a homogenous grid. 
 
Parallel grids have earlier water and oil bank breakthrough compared to a diagonal grid Figure 8.  The earlier breakthrough 
is attributed to the 5 point upstream weighted discretization scheme (Shubin & Bell 1984) resulting in greater non-uniform 
dispersion.  The diagonal grids provide a greater sweep efficiency (Figure 9) due to the stair-step flow path. The determining 
factor for the recovery in the low salinity flood is the efficiency in reducing field salt concentration below the low salinity 
initiation threshold.  Therefore, the increased sweep of the diagonal grid results in an increase in simulated recovery, Figure 8 
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(b). Earlier oil bank breakthrough in parallel grids results in preferential production of low salinity water in the dominant flow 
direction.  Low salinity water preferentially flows in areas already swept and where additional oil has already been recovered.  
In all cases improved recovery was simulated, however under more adverse operating or reservoir conditions the performance 
of low salinity waterflooding may be greatly affected due to grid orientation.  
 
Figure 8 (a),(b) – Right (a) Field water cut and left (b) field salt in place for parallel and diagonal grids with a dispersivity of 
25ft. 
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Figure 9 - Oil saturation and salt concentration for diagonal and parallel grids.  M=0.3 and αL=12.5ft.  Injection bottom right 
production top left.  Salt concentration is filtered for values above 2.45lb/stb (upper threshold) displayed in grey, blue 
represents concentration of 0.35lb/stb. 
 
The transverse dispersion effect is further dependent on grid orientation Figure 10.  With diagonal grids increasing αT 
results in reduced production, caused by greater total dispersion.  The effect of transverse dispersivity is suppressed in pa rallel 
grids.  Flow is dominated by streamwise direction which aligns with grid orientation, the result being that transverse dispersion 
is dissipated between adjacent cells aligned to the flow direction. 
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Figure 10 - Comparison of RF vs PVI for Diagonal and parallel arrangements at αL=12.5ft and with αT varying between 0 and 
12.5ft, for a tertiary low salinity flood, presented is a mobility ratio of 1.6. 
 
Impact of Dispersion Coefficient 
Taking the upper and lower band of the dispersion coefficient from Figure 2 for a 1040ft well of αL~12.5-125ft, an 
investigation was conducted to quantify its impact on estimated recovery. 
Figure 11 highlights the trend seen in all simulated cases. The longitudinal dispersion factor delays the formation of the oil 
bank in a low salinity flood and decreases the peak concentration of the bank.  Higher dispersion results in lower recovery at 
the same point in the simulation.  The impact of longitudinal dispersion reduced the incremental recovery from between 0.015 -
0.14.  This decrease in recovery is attributed to the increased mixing between the high salinity water that is being displaced by 
the injected low salinity water.  The increased mixing of the two salinities of water results in a greater volume of water 
required to be injected before the low salinity threshold is reached. The retardation of achieving the low salinity threshold can 
be viewed in Figure 13. 
The impact of the dispersion coefficient varies with heterogeneity, with a greater decrease in more heterogeneous 
reservoirs, Figure 12.  This is qualitatively due to the increased areal sweep efficiency at low levels of heterogeneity resulting 
in efficient lowering of salinity through the majority of the reservoir.   
Dispersion is a dominant parameter in the simulation as it determines the time at which incremental oil recovery will be 
realized, and therefore the economics of the project.  In addition as stated this is one of the least understood values with a wide 
range of uncertainty (without the use of SWCTT or inter-well tests).  This will play a vital role in the results obtained in a full 
field model and the engineer must look to quantify the level of uncertainty in the ultimate results obtained from a simulated 
low salinity waterflood.  This is particularly true if large grid blocks are used which over-estimate the level of in-situ mixing 
(result of numerical dispersion). 
 
Figure 11 (a), (b) – The left plot (a) represents the impact of longitudinal dispersivity on recovery factor for αL varying between 
12.5ft and 125ft.  The right plot (b) gives the water cut at the production wells for the cases in (a).  These cases use a 
homogenous reservoir with M=1.6. 
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Figure 12 - Plot of incremental recovery vs. level of dispersion, for various heterogeneity with Dykstra-Parsons coefficients 
varying between V=0-0.885.  The mobility ratio was 0.3 and the incremental recovery evaluate after 2PV of injection.  
   
 
Figure 13 - Salinity represented with filter set for all salinity values above upper salinity threshold 2.45lb/stb.  All grey sections 
represent salinity higher than 2.45lb/stb.  Cross-section after 1420days of combined high and low salinity injection.  
 
Formation Damage 
 
Figure 14 – reduction factors impact on incremental recovery at 2 heterogeneity case V=0, left (a) and V=0.867, right (b), with 
mobility in the range of 0.3-5.3.  The CSC was set to 1.4lb/stb. 
 
Results for variation of reduction factor from 0.2-1, highlights that the reduction in permeability resulted in an increase in 
incremental recovery after 2 PV, Figure 14.  This was realised in both homogenous and heterogeneous reservoirs for all 
mobilities tested.  An increase of ~0.05 to the incremental recovery was simulated.  This is attributed to the increased sweep 
efficiency derived from the permeability reduction.  Figure 15 shows the V=0.867 case, where the permeability reduction has 
led to an increase in areal sweep efficiency, in particular the area of the reservoir achieving the low salinity threshold is more 
extensive with formation damage occurring.  Since the water accesses a greater PV with less injected low salinity water, it 
brings the effective salinity of the reservoir down quicker.  The case tested used a mean reservoir permeability of 545mD 
therefore a reduction of 0.2 still yields a permeability of 110mD, not resulting in complete loss of injectivity.  However, the 
results qualitatively show the complex features which can be found with low salinity waterflooding.   
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Figure 15 –V=0.87, the left case no formation damage, right reduction factor of 0.2 with CSC=1.4lb/stb.  The oil saturation 
varies from 0.1(blue) to 0.5 (red).  The salt concentration is filtered for concentrations above the low salinity threshold ( grey). 
 
 
The results for critical salt concentration in the range of 0.7lb/stb (2000ppm) to 2.45lb/stb (10 000ppm), had <0.01 impact 
on the incremental recovery Figure 16.  The difference in critical salt concentration delayed the permeability reduction.  
However, this effect was not a major contributor to recovery.   
 
Figure 16 (a), (b) – The effect of CSC on the incremental recovery for a reservoir mobility ratio of between 0.3-5.3, and a 
homogenous, left (a) and heterogeneous, right case (b) – with a  Dykstra-Parsons coefficient of 0.6.  Both plots are taken with a 
reduction factor of 0.2. 
Salt Concentration of Secondary Flood 
The salinity of the water injected in secondary recovery was varied between 35 000ppm (12lb/stb) and 70 000ppm (24lb/stb), 
to assess if the incremental recovery was dependent on salinity of historical floods.  The impact in the cases studied showed  a 
negligible change <0.01, Figure 17.  The salinity slowed the attainment of lower salinity, however in the range going from sea 
water to a saline aquifer the magnitude of the variation on incremental recovery can be seen to be a second order effect to t hat 
of the dispersivity level, Figure 17 (b). 
 
Figure 17 –Left (a), change in incremental recovery with injected salinity of  the secondary flood.  M=1.6 at 2PV injected, no 
formation damage.  Right (b), Recovery curves for αL=12.5ft and 125ft, with secondary salinity =12lb/stb and 24lb/stb.  
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Mobility Ratio 
It is already recognized that adverse mobility ratios lead to lower recoveries in conventional waterflooding (Willhite, 1986).  
The purpose of this study was to see how the mobility effected the transition to low salinity.  Figure 18 shows a trend of 
decreasing recovery with increasing heterogeneity after 2PV of injection.  A reduction in incremental recovery of ~0.05 -0.07 is 
realized when going from homogenous to a heterogeneous reservoir (V=0.86).  The high incremental recovery for adverse 
mobility ratios is positive and as seen in Figure 18 (b) highlights that the incremental recovery is proportionally greater for 
adverse mobility cases.  The improvement in relative permeability (Figure 1) predicted with the transition to low salinity, 
improve greatly the displacement efficiency of the heavier, more viscous oils.  This can be seen as a real advantage with low 
salinity water injection, in improving the flow of heavier oils.  A greater study should look at improvements for more viscous 
oils >4.25cP, in addition the low salinity relative permeability curves must be obtained for a wider range of oil properties to 
improve further studies. 
 
  
Figure 18 (a),(b) – (a) Left, incremental recovery at various mobility ratios, with Dykstra-Parsons coefficients from V=0-0.886 
after 2PV of injection, αL=25ft.  (b)Right, Recovery factor for M=0.3 and M=5.3, for 3 reservoir heterogeneities.  
3D Sensitivity Results 
To date no published study has looked at analyzing the sensitivity of simulated recovery due to 3D reservoir  effects. Scenarios 
were tested for M=0.3-5.3 and V=0-0.77. It was found that below M=2.8 there was only marginal impact of dip angle and the 
only affect was seen by minor deviation <0.02 in incremental recovery between a Kv/kh ratio of 0.1 and 0.8. Figure 19 (a) 
shows the significant deviations occur for more adverse dip ratios M=5.3, with incremental recovery variation of 0.06-0.11 
with a dip angle change of 25°. 
Analysis shows kv/kh ratio reduces the vertical sweep efficiency and therefore the efficiency of oil displacement, as shown 
in Figure 19 (b).  Low salinity effect enables residual oil saturation to drop from 0.3 to 0.1. In this range of water saturation, oil 
relative permeability is low (Figure 1), the volumetric sweep efficiency is lower with kv/kh=0.1, resulting in lower recovery.  
The viscous effects are dominant as is the case in conventional waterfloods, hence impacts of recovery are only realized at 
more adverse mobilities.  The low salinity effect is still constrained by the volumetric sweep efficiency, controlling 
performance in the same way as conventional waterflooding. 
 
Oil saturation 
 
Kv/kh=0.1 
 
Kv/kh=0.8 
 
 
Figure 19 (a),(b) –The left plot (a) shows the effect of dip angle on a homogenous reservoir with a mobility ratio of 5.3.  The 
right plot (b) a vertical cross section of a 0° model with oil saturation for a case M=0, in a homogenous reservoir.  
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The dipped reservoir suffers the same vertical sweep efficiency constraint as the above case, however with the additional 
problem of lower recovery due to gravitational effects leading to even lower volumetric sweep efficiency as the water 
preferentially flows through the bottom of the reservoir.  This is less of the case when kv/kh ratio is low; however as can still be 
seen in Figure 20 it still has a dominant effect.  Viscous and gravitational effects rather than the efficiency of reducing reservoir 
salinity are dominant.  The cases in Figure 19 (b) have already obtained the lower salinity threshold (1000ppm), therefore the 
low salinity effect is active and recovery is simply controlled by displacement efficiency.   This is because it is displacing the 
oil which is the problem in both cases rather than reducing the salinity.  As can be seen in Figure 20, where the higher kv/kh 
ratio means that the lower part of the reservoir has been efficiently swept whereas at 0.1 the reservoir has a higher oil saturation 
across the cross section.  If anything the kv/kh=0.8 would produce a slower low salinity effect as the water preferentially sweeps 
the bottom of the reservoir, with the salinity in the highest regions taking longer to reach the low salinity threshold.     
 
 
 
 
 
 
 
 
Figure 20 - Oil saturation (left) and salt concentration (right) for a homogenous 25° dipped reservoir, M=5.3. 
Discussion 
The modeling of low salinity flooding is a topic that has had sparing discussion in particular attempting to understand the 
sensitivity of models to simulation and physical parameters.  This study has looked to isolate parameters on simplified grids to 
identify their impact and understand the reason for this affect.  This gives engineers a greater insight in particular as to how 
sensitive EOR studies are to input parameters and understanding the requirement to grasp the impact of dispersion in modeling.  
The comparison of numerical to physical dispersion showed deviations in the concentration gradients resulting from the 
assumptions of the equation used.  Ultimately it is true to say that the numerical dispersion estimate provides a useful indicator 
to the level of mixing that is being simulated, but it must be used as an approximation and awareness of the additional 
implications of numerical smearing effects must be considered.   
Grid effects were found to be dominant in simulation. It is clear that the construction of the model has an even greater 
impact in low salinity studies than in traditional waterfloods. A 10-49% change in recovery based solely on grid orientation 
was shown.  Previous works on miscible flooding and waterflooding (Shubin & Bell 1984; Settari & Karcher 1985; Brand et 
al. 1991; Wolcott et al. 1996) have stated the impact of grid orientation is of minor importance for favorable or unit mobility 
ratio.  In contrast to these findings in low salinity modeling, the effect is shown for M<1.  Therefore the effective sweep 
efficiency dependent on the grid orientation will play a vital role at all mobility ratios.  These results emphasize the 
requirement to understanding the grid design on results, in particular in simulating low salinity water injection on existing 
models. 
The effect on incremental recovery of various levels of dispersion was evaluated, to provide quantitative data as to the 
sensitivity of results to this highly uncertain input.  It highlighted that the longitudinal dispersion factor can have up to  a 14% 
variation on ultimate recovery, based on the range of inputs taken from experimental data.  The results clearly demonstrate that 
this level of dispersion either determined as a physical input or as a result of grid block size will have a determining effect on 
the predicted recovery.  Therefore, in low salinity modeling using the modeling approach demonstrated a great deal of 
uncertainty will exist – in the absence of field specific data - with the results if only one level of dispersion is simulated.  It is 
suggested that sensitivity analysis of the field response to various levels of dispersion should be evaluated.  In coarse models 
where numerical dispersion will smear the low salinity effect a form of pseudoization will be required (Jerauld et al. 2008a) of 
the low salinity relative permeability curves.  The pseduoization could become part of the uncertainty assessment to predict 
different dispersion scenarios where the alteration of grid sizing is not an option. 
The impact of the grid – both block size and orientation – is serious and is derived from the dependence of simulated results 
predicted on levels of mixing.  These problems cascade through a number of dispersion dependent EOR techniques (Wolcott et 
al. 1996), the case may be made for increasing the simulator capabilities in terms of EOR studies.  Ultimately considering the 
economics of low salinity the accurate evaluation of the volume of injected low salinity water required to lower the reservoi r 
salinity, will determine the applicability of it to a field.   It is suggested that the grid orientation effect may be alleviated to a 
degree with a 9-point discretization, however this does not solve numerical dispersion.  An alternative proposal is to look to 
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integrate higher-order schemes in the simulation of low salinity waterflooding.  Given that higher order schemes have 
problems with stability especially around shock fronts (Wolcott et al. 1996), the implementation of damping through dispersion 
coefficients were introduced into these numerical schemes.  Since it has been identified with low salinity flooding that a level 
of dispersion is present, it should be looked at to the efficiency of implementing such differencing schemes for specialized low 
salinity studies.   
The simulation of the fluid and reservoir impacts demonstrate that physically low salinity waterflooding performance is 
controlled by the same parameters as conventional flooding, with volumetric sweep efficiency and mobility ratios.  This 
highlights limitations in the applicability of the technique to EOR, however, it is also positive as it aids in the selection of 
reservoirs as the displacement performance can be analyzed knowing history of previous waterflood strategies.   
The impact of salinity dependent permeability reduction – formation damage – was coupled into the reservoir simulator and 
demonstrated that there may be a positive effect with permeability reduction resulting in increased sweep.  More importantly 
the results demonstrated the need to integrate multiple physical effects attributed to low salinity waterflooding in order to better 
predict field performance.  By combining previous research on salinity dependent formation damage with knowledge that low 
salinity can reduce Sor the coupled effects may lead to incremental recovery improvements or reductions.  With greater 
development of mechanistic models, it will be possible to understand to what degree fines migration and S or reductions will 
happen, which in due course can be integrated into reservoir simulation.  However, it is believed that the flexibility in 
simulation to compute permeability changes will be important to estimating recovery.  
Conclusions 
The study has simulated low salinity waterflooding using a commercial reservoir simulator, identifying the uncertainties from 
the modeling point of view of the low salinity workflow. 
1. Approximations to the equivalence of numerical and physical dispersion were found to have significant deviations when 
applied to a 1D secondary low salinity waterflood simulation. 
2. Grid orientation effect plays a more dominant role in low salinity waterflooding than conventional waterfloods and miscible 
injection techniques, with large deviations occurring for favorable mobility ratios.  Results varied by up to 49% between the 
diagonal and parallel grids tested. 
3. Integration of a formation damage model into ECLIPSE showed that under the case tested that incremental recovery can be 
improved by salinity dependent permeability reduction.   
4. The incremental recovery was not found to be sensitive to the salinity of the secondary water injection in this study. 
5. It was quantitatively proved that the dispersion coefficient is one of the dominant parameters affecting the predicted 
enhanced recovery and simply the simulation of one level of mixing can lead to widely varying results, in the range of 2-
15% of the ultimate recovery factor. 
6. Low salinity waterflooding is constrained by the same fluid and reservoir properties as conventional flooding namely 
volumetric sweep efficiency and mobility ratio.  This means that it may be possible to use historical waterflooding 
performance as an indicator to low salinity waterflooding. 
Recommendations 
This work provides a basis for understanding the sensitivities of simulating low salinity waterflooding in ECLIPSE and other 
commercial simulator implementing the same models. To extend upon the work these additional studies  are suggested: 
1. Implement a greater level of physics in the reservoir simulation. 
a. Assess the impact of adsorption and desorption of salt in the reservoir on the salinity attained during 
flooding.  Included as part of this will need to be the introduction of multi-component brine flow. 
b. This will require evaluation of the pH and temperature effects. 
2. Conduct a full field model with multiple wells in order to upscale the sensitivity results when modeling complex 
reservoirs (with extension to look at layering). 
a. Use this to develop appropriate workflows for the user to reliably upscale the level of predicted dispersion to 
the course reservoir model. 
b. Integrate formation damage modeling into the full field model, to determine the impact of salinity dependent 
permeability changes when producing from a complex field. 
c. Use this model and a sector model to assess the impact of capillary pressures. 
3. Look to apply the higher order differencing procedure suggested by Wolcott for miscible gas injection (Wolcott et al. 
1996), assess its impact on reducing grid orientation effect and compare it to a 9-point differencing scheme, with the 
prospect of reducing the grid orientation effect. 
4. An extension to streamline simulation with low salinity waterflooding representation, would aid in developing a way 
to optimize low salinity waterflooding processes. 
5. Improve on the current low salinity modeling technique by assessing the impact of a non-linear interpolation between 
relative permeability curves.  Investigating the difference of using the recently proposed Omekeh model (2012), using 
an interpolation dependent on ion concentration. 
6. Taking the sensitivity cases presented conduct an NPV analysis to understand the sensitivity of the economics of this 
EOR technique to reservoir and simulation parameters.  Introducing operational considerations such as slug injection.   
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Nomenclature 
nw Water Corey-exponent -  𝐹1& 𝐹2 Weighting factor (function of salt 
concentration) 
- 
no Oil Corey-exponent -  𝑆𝑤𝑐𝑟 Critical water saturation - 
kro End-point oil relative permeability -  𝑆𝑤𝑚𝑎𝑥 Maximum water saturation - 
krw End-point water relative permeability -  𝑆𝑜𝑤𝑐𝑟 Critical oil saturation in water - 
Swr Residual water saturation -  𝑘𝑟𝑤 Water relative permeability - 
Sor Residual oil saturation -  𝑘𝑟𝑜 Oil relative permeability - 
𝛼𝐿 Longitudinal dispersivity ft  M Mobility factor = 
𝑘𝑟𝑤𝜇𝑜
𝑘𝑟𝑜𝜇𝑤
⁄  - 
𝐷 Dispersion factor ft2/day  Ø Porosity - 
𝑢 Streamwise velocity ft/day  𝑉 Dykstra-Parsons coefficient - 
Cf Rock compressibility Psi
-1  𝛿𝑥 Cell length ft 
k permeability mD  𝛿𝑡 Timestep day 
w Water viscosity cP  L Distance between wells m 
Swi Initial water saturation -  XD 
𝑥
𝐿⁄  - 
tD 𝑢𝑡 ∅𝐿⁄  
-  CD 𝐶 − 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝐶𝑖𝑛𝑗. − 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 
- 
NPe 𝑢𝐿 ∅𝐾𝐿
⁄  Peclet Number M Mobility ratio=
𝑘𝑟𝑤𝜇𝑜
𝑘𝑟𝑜𝜇𝑤
⁄  - 
DLVO Derjaguin and Landau, Verwey and Overbeek theory SWCTT Single well chemical tracer test  
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Appendix A – Literature Review 
MILESTONES IN LOW SALINITY WATERFLOODING STUDY - TABLE OF CONTENT 
 
SPE Paper n Year Title Authors Contribution 
SPE1725 1967 “Effect of Floodwater Salinity on 
Recovery Of Oil from Cores 
Containing Clays” 
G. Bernard First paper to identify that low salinity 
water induced a reduction in residual oil 
saturation. 
SPE22597 1995 “Effect of Wettability on Waterflood 
Recovery for Crude-Oil/Brine/Rock 
Systems”. 
P.P. Jadhunandan; N.R. 
Morrow 
First paper proposing a possible benefit to 
changing salinity of reservoir brine to 
increase oil recovery.   
SPE36680 1997 “Salinity, Temperature, Oil 
Composition, and Oil Recovery by 
Waterflooding”. 
G.Q. Tang and N.R. Morrow First paper to specifically look at the effect 
of changing water composition (salinity) 
on the efficiency of water flooding. 
2000-054 2000 “Formation Damage Control: 
Selecting Optimum Salinity in a 
Waterflooding Pilot”. 
G. Galliano, M. Federici, A. 
Cavallaro 
Demonstrates in a field study the effect of 
a sharp change in the salinity of the 
injected water and its resulting effect on 
decreasing the permeability of the 
reservoir 
SPE89379 2003 “Low Salinity Oil Recovery – Log-
Inject-Log”. 
K.J. Webb, C.J.J. Black, H. 
Al-Ajeel 
First systematic field test on a single 
production well using a log-inject-log 
technique, to demonstrate the low salinity 
effect within the field. 
SPE93903 2005 “Low Salinity Oil Recovery: An 
Exciting New EOR Opportunity for 
Alaska’s North Slope”. 
P. McGuire, J. Chatham, F. 
Paskvan, D. Sommer, F. Carini 
Validates improved oil recovery seen in 
core tests with data of reduced residual oil 
saturation in the 10-15ft range of SWCTT.   
SCA2006-36 2006 “Low Salinity Oil Recovery - An 
Experimental Investigation”. 
A. Lager ; K. J. Webb ; C. J. J. 
Black; M. Singleton and K. S. 
Sorbie. 
The first reported experimental study of 
the low salinity effect through cation 
exchange between the mineral surface and 
the invading brine.   
SPE102239 2006 “Modelling Low-Salinity 
Waterflooding”. 
Jerauld, G.R., Lin, C.Y., 
Webb, K.J., and Seccombe, 
J.C. 
Develops a model of low salinity water 
flooding and a method for evaluating 
them.  Proposes the use of salinity 
dependent oil/water relative permeability 
functions resulting from a wettability 
change. 
SCA2008-39 2008 “Comparison of High/Low Salinity 
Water/Oil Relative Permeability”. 
Kevin Webb, Arnaud Lager, 
Cliff Black 
One of the first papers to analyse full 
reservoir condition waterfloods with live 
crude oils, expressly looking at the impact 
of low salinity waterflooding – in 
secondary and tertiary mode – on relative 
permeability curves. 
SPE113480 2008 “Improving Waterflood Recovery: 
LoSal™ EOR Field Evaluation”. 
James Seccombe, Arnaud 
Lager, Kevin Webb, Gary 
Jerauld, Esther Fueg 
•Provides evidence based on interwell and 
SWCTT to help validate proposed MIE 
mechanism for improved oil recovery. 
•One of the first papers to look at water 
chemistry with particular focus on 
dispersion of low salinity water to look to 
optimise injection of slugs. 
SPE129564 2010 “Low Salinity Water Flooding: Proof 
of Wettability Alteration on a Field 
Wide Scale”. 
Paul Vledder, Ivan Gonzalez, 
Julio Carrera Fonseca, Terence 
Wells, Dick Ligthelm 
One of the only papers documenting proof 
of the impact of low salinity effect in 
secondary recovery on changing the 
wettability at the reservoir scale. 
SPE129692 2010 “Demonstration of Low-Salinity EOR 
at Interwell Scale, Endicott Field, 
Alaska”. 
Jim Seccombe, Arnaud Lager, 
Gary Jerauld, Bharat Jhaveri, 
Todd Buikema, Sierra Bassler, 
John Denis, Kevin Webb, 
Andrew Cockin, and Esther 
Fueg. 
One of the first published tests of the use 
of low salinity waterflooding for enhanced 
oil recovery at inter-well distances. 
IPTC17157 2013 “The Development of a Workflow to 
Improve Predictive Capability of Low 
Salinity Response”. 
B.M.J.M. Suijkerbuijk, 
H.P.C.E. Kuipers, C.P.J.W. 
van Kruijsdijk, S. Berg, J.F. 
van Winden, D.J. Ligthelm, H. 
Mahani, M. Pingo Almada, E. 
Van den Pol, V. Joekar Niasar, 
J. Romanuka, E.C.M. 
Vermolen, I.S.M. Al-
Qarshubi,  
Presents one of the first workflows for 
screening reservoirs based on potential 
benefits in implementing low salinity 
water flooding.  Suggests MIE is not 
primary mechanism for the Low salinity 
effect. 
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Document ID: SPE1725 (1967) 
Title: Effect of Floodwater Salinity on Recovery of Oil 
Author: George G. Bernard 
Contribution to the Understanding of Low Salinity Water Flooding: 
First paper to demonstrate increased recovery in core flooding experiments through the injection of low salinity water. 
Objective of Paper: 
To investigate the impact on recovery of using different types of water, fresh vs. saline to see if one type of water performed 
better in displacing oil from a core. 
Methodology Used: 
 Synthetic cores were used in this study using a combination of Lucite powder, sand and clay.  The tested cores were 
created with a clay content of 2%.  A set of Berea sandstone core were also used with a 0.1% (by weight clay content).  
 Cores were flooded using both constant pressure and constant rate. 
Conclusion Reached: 
 The lower salinity water indicated improved oil recovery from the cores tested. 
 Fresh water injection also led to permeability reductions within the tested cores. 
 It was found cores which had water sensitive clays produced more oil. 
 The process leading to increased recovery was hypothesised to be clay swelling.  
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Document ID: SPE22597-PA (1995) 
Title: Effect of Wettability on Waterflood Recovery for Crude-Oil/Brine/Rock Systems 
Author: P.P. Jadhunandan, SPE, Inst. Teknologi Bandung; N.R. Morrow, SPE, New Mexico Petroleum Recovery Research 
Center 
Contribution to the Understanding of Low Salinity Water Flooding: 
First paper proposing a possible benefit to changing salinity of reservoir brine to increase oil recovery.  Sets out case for 
investigating low salinity water flooding in the context of observed wettability changes.  
Objective of Paper: 
 To provide a definitive account of the effect of wettability on oil recovery based on 50 slow-rate core floods on the 
Berea sandstone. 
 The study looks to identify the dominant variables that control the wettability of crude-oil/Brine/Rock (COBR) 
systems and to investigate the relationship between wettability and oil recovery by waterflooding.  
Methodology Used: 
 50 Berea sandstone cores were tested with 50 slow-rate laboratory corefloods testing for changes in wettability with 
Amott wettability tests. 
 Looking at variations in initial water saturation; aging temperature; brine composition; flood rate and crude oil type. 
Conclusion Reached: 
 Wettability seems to depend primarily on the crude oil, brine composition, initial water saturation and aging 
temperature. 
 Optimum recovery was found for cores with almost neutral wettability, though on the side of water wet (Iw-o~0.2).  
This optimum was seen to be continually more prevalent with continued flooding.  
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Document ID: SPE36680-PA (1997) 
Title: Salinity, Temperature, Oil Composition, and Oil Recovery by Waterflooding  
Author: G.Q. Tang, SPE, and N.R. Morrow 
Contribution to the Understanding of Low Salinity Water Flooding: 
 First paper to specifically look at the effect of changing water composition (salinity) on the efficiency of water 
flooding. 
 Identified that salinity of injected brines and that of the connate water can have a major influence on the oil recovery. 
 Highlights dependency of oil recovery on brine composition has been demonstrated. 
 It is seen that aging cores with different salinity brines also alters the wettability of the rock and therefore alters the 
overall recovery. 
Objective of Paper: 
To identify the effect of ranging displacement speeds, temperature and the influence of brine and oil composition on the 
wettability of the cores and the ultimate recovery of crude oil by spontaneous imbibition and waterflooding. 
Methodology Used: 
 Used Berea Sandstone with 3 different crude oils, formed a synthetic brine and varied the salinity through changing 
the concentration of total dissolved solid (TDS’s). 
 Variation of salinity was achieved by diluting the brines by factors of 0.01, 0.1 and 1. 
 All cores were cut from the same batch of Berea sandstone, with a porosity ~23% and permeability varying from 487 -
614mD. 
 Results are presented as oil recovery vs. dimensionless time, the change in wettability is quantified through a 
comparison with the scaling group for very strongly water-wet conditions (VSWW): 
𝑡𝐷 = √
𝑘
𝜙
𝜎
√𝜇𝑜𝜇𝑤
𝑡
𝐿𝑐2
 
 12 core samples were used in the low salinity test all using Dagang synthetic brine and Dagang crude oil.  All cores 
were aged for 3 days.  Core floods were at 75°C. 
 
Conclusion Reached: 
 Oil recovery increased with a decrease in the salinity of the injected brine. 
 Recovery at breakthrough was found to have a minor difference, but the difference in final recovery occurred after 
breakthrough. 
 A decrease in salinity results in a transition toward water wetness and increased oil recovery.  The increase in 
microscopic displacement efficiency and changes in the capillary imbibition forces accompanying a change to water 
wetness results in increased recovery. 
 The difference in final recovery between the injection of reservoir brine (RB) and the most dilute fluid 0.01RB, was 
10%. 
 The wettability of the rock can change if the there are significant changes to the reservoir variables, namely  
temperature, salinity of injected fluid and brine, oil composition. 
Comments: 
 It is interesting that the Amott wettability test was neglected in their study as to determining a change in wettability.  
Resulting in inferring the results based on other parameters. 
 The Dagang oil had a wax content of 19.2% and C7 asphaltenes of 6.31%. 
 Seems a very low time for aging since this is known to effect wettability. 
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Document ID: 2000-054 (2000) 
Title: Formation Damage Control: Selecting Optimum Salinity in a Waterflooding Pilot  
Author: G. Galliano, M. Federici, A. Cavallaro, Repsol YPF 
Contribution to the Understanding of Low Salinity Water Flooding: 
Demonstrates in a field study the effect of a sharp change in the salinity of the injected water and its resulting effect on 
decreasing the permeability of the reservoir. 
Effect of different mixtures on reservoir permeability and their scaling tendency.  
Objective of Paper: 
Based on a field pilot study to identify the optimal salinity of injected water to limit formation damage due to clay 
deflocculation. 
Methodology Used: 
 Fresh water was produced from 2 low salinity subsurface aquifers. 
 X-ray diffraction (XRD), petrography and SEM were used to investigate the damage potential. 
 The clay fraction was determined by XRD using two core samples.  
 Pore size throat distribution was determined through core flooding and then from the capillary pressure curves.  
 The pumped well had initially high salinity water injected into it followed by low salinity water.  The produced oil is 
separated from produced oil at the surface. 
Conclusion Reached: 
 The deflocculation damage mechanism may be induced by a change from high to low salinity.  
 “Fines migration is dependent on the critical velocity, defined as the interstitial velocity from which fines begin to 
mobilise, causing a decrease in original fluid permeability”.  This variation in critical velocity is attributed to 
wettability, fines wettability, pore geometry and ionic strength and pH of the injected fluid. 
 Abrupt changes in salinity resulted in large reductions in permeability.  
 Results from the tested core plugs showed 91% and 87% reduction in permeability.   
 Water injected at the field scale (21.3g/l) resulted in defloculation of clay material due to a high salinity shock. 
 Deflocculation became more severe if a shift to low salinity occurred again.  
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Document ID: SPE89379 (2003) 
Title: Low Salinity Oil Recovery – Log-Inject-Log 
Author: K.J. Webb, C.J.J. Black, H. Al-Ajeel 
Contribution to the Understanding of Low Salinity Water Flooding: 
First systematic field test on a single production well using a log-inject-log technique.  Demonstrated that reduction in residual 
oil saturation observed in core tests were replicated in the field environment with a 25-50% reduction in the residual oil 
saturation. 
Objective of Paper: 
To identify if the additional recovery demonstrated in numerous laboratory experiments on core flooding with low salinity 
water are also observed in the field.  To identify the residual oil saturation resulting from a high and low salinity water f lood. 
Methodology Used: 
 The investigation used a modified log-inject-log test on a single carefully selected producing well with perforated 
zone permeabilities in the range of 200-700mD and with connate water TDS of ~250 000ppm.   
 Logging of the change in residual oil saturation was completed using multiple passes of the pulsed neutron capture 
(PNC) logs and using the following equation to calculate the water saturation content: 
𝑆𝑤 =
Σ𝑡2 − Σ𝑡1
𝜙(Σ𝑤2 − Σ𝑤1)
 
Σ𝑡1 − 𝑃𝑁𝐶 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑟𝑠𝑡 𝑏𝑟𝑖𝑛𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛;  
Σ𝑡2 − 𝑃𝑁𝐶 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 𝑏𝑟𝑖𝑛𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 
Σ𝑤1/2 − 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑛 𝑟𝑢𝑛 
 A low injection rate of 0.5bbl/min was selected and a PLT was used for monitoring the injection into each perforation 
as well as being used to identify cross-flow between perforations. 
 The injection of low salinity brine used water with 3000ppm. 
Conclusion Reached: 
 There was a clear reduction in the remaining oil saturation for all 3 perforated reservoir zones.  
 The top perforation exhibited the greatest reduction of ~50%.  The lower two zones had an observed decrease in 
residual oil saturation of 10-20%. 
 The overall finding was that injecting low salinity water significantly reduced the residual oil saturation in the well.  
 Through additional corefloods (not presented) there was seen to be no effect for the injection of sea water even though 
its salinity is a magnitude smaller to that of the connate water.  There appears to be a threshold salinity level for the 
low salinity effect to improve recovery. 
Comments: 
 The reservoir has a strong water drive and the effect of this is not mentioned in the paper. 
 There is a considerable change in oil properties throughout the field with API ranging from33-12 degrees. 
 A producing well was used which had good completions and had not been treated with acidizing.  However, a thought 
is that due to the fact that the well has been producing there may be a deposition of heavy end hydrocarbons 
(asphaltenes) I the near wellbore region, these are known to be highly polar and therefore the vast increase in the 
additional recovery of 30-50% may be affected by liberation of these polar ends. 
 Uncertainty analysis has to a degree been quantified through a Monte-Carlo simulation of variables, especially in 
porosity corrections due to overburden pressure. 
 There is no comparison between results predicted from corefloods for the remaining oil saturation and the results 
found in the field. 
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Document ID: SPE93903 (2005) 
Title: Low Salinity Oil Recovery: An Exciting New EOR Opportunity for Alaska’s North Slope  
Author: P. McGuire, J. Chatham, F. Paskvan, D. Sommer, F. Carini 
Contribution to the Understanding of Low Salinity Water Flooding: 
Validates improved oil recovery seen in core tests with data of reduced residual oil saturation in the 10 -15ft range of SWCTT.  
It provides additional proof that low salinity effects can be realised at the field scale.  
Objective of Paper: 
To conduct a series of single well chemical tracer tests (SWCTT) on four locations on the Alaskan North slope to identify if 
reductions in residual oil saturation seen in core experiments can be replicated in the field. 
Methodology Used: 
 The investigation uses 4 different producing wells in the Prudhoe Bay field in the Ivishak sandstone, Kuparuk and 
Kekiktuk sandstone. 
 SWCTTs were conducted on each of the wells, for both a high salinity flood and low salinity flood.  Wells which 
before had high water cuts ~99.9% were deemed at residual oil saturation so SWCTT could be implemented directly.  
Wells which were still producing significant oil volumes were first induced to have residual oil saturation in the 
region of investigation by water injection. 
 The radius of investigation for the tests ranged from 8-15ft. 
 All wells used produced high salinity water >23 000ppm and in addition a low salinity water from a nearby reservoir 
with 1500ppmTDS.  One well completed in the Ivishak sand was also exposed to an intermediate waterflood of 
7000ppmTDS. 
Conclusion Reached: 
 All four test sets exhibited a reduction in the residual oil saturation of between 4-9 saturation units.   
 The benefit of low salinity injection resulted in a 6-12% OIIP increase, resulting in an increase in waterflood recovery 
of 8-19% 
 The intermediate waterflood at 7000ppmTDS showed no additional recovery when compared to a high salinity flood, 
indicating a threshold for the low salinity effect to occur at.  The paper presents a value of 5000ppmTDS. 
Comments: 
 The mechanism for recovery was hypothesised and presented to be through alkaline recovery; however this has later 
been disproved by Lager et al. (2006). 
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Document ID: SCA2006-36 (2006) 
Title: Low Salinity Oil Recovery - An Experimental Investigation 
Author: A. Lager ; BP Exploration (Alaska), K. J. Webb ; BP Exploration Production Technology, C. J. J. Black ; BP 
Exploration (Alaska), M. Singleton ; Institute of Petroleum Engineering, and K. S. Sorbie ; Institute of Petroleum Engineerin g 
Contribution to the Understanding of Low Salinity Water Flooding: 
 Use of new data to propose that previously hypothetical mechanisms of the Low salinity effect namely pH-induced 
IFT reduction and fines migration are not universally seen in experimental data and are instead an effect of the 
increased oil recovery rather than the cause of it. 
 The first reported experimental study of the low salinity effect through cation exchange between the mineral surface 
and the invading brine.   
 Demonstrates that the primary mechanism resulting in reduced residual oil saturation in low salinity waterfloods is 
through Multicomponent-Ion-Exchange (MIE). 
Objective of Paper: 
The completion of an experimental investigation into a number of the mechanisms proposed to be controlling the increased oil  
recovery seen in low salinity water flooding.  The mechanisms reviewed are fines migration, pH increase and a new 
mechanism extended from DLVO (Deryaguin-Landau-Verwey-Overbeek theory of colloids). 
Methodology Used: 
 Extensive chemical analysis was completed on the effluent showing the extent of interaction between the rock matrix, 
brine and oil. 
 Waterflooding was completed with low salinity water in both secondary and tertiary mode, at elevated temperatures.  
 The evidence of MIE came from analysing a North Slope (Alaska) low salinity waterflood. 
 To test the theory of MIE, the cores were flooded with brine only containing NaCl. 
Conclusion Reached: 
 Fines – Migration The explanation related to increased recovery due to fines migration is questioned, due to the 
numerous low-salinity, reduced condition and full reservoir condition core floods completed, all showing increased 
recovery, however no migration or significant permeability reduction was found. 
 No correlation is found between the acid number and the increase in oil recovery due to low salinity flooding.  
 High pH is not responsible for the increase in oil recovery attribute to low salinity water f looding. 
 There is strong evidence that Mg2+ and Ca2+ ions are absorbed onto the rock matrix since the produced concentration 
is lower than that of injected and connate brine. 
 Removing Ca2+ and Mg2+ from the rock surface before waterflooding led to high recovery regardless of salinity of 
invading water, this confirmed the importance of MIE. 
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Document ID: SPE102239 (2006) 
Title: Modelling Low-Salinity Waterflooding 
Author: Jerauld, G.R., Lin, C.Y., Webb, K.J., and Seccombe, J.C. 
Contribution to the Understanding of Low Salinity Water Flooding: 
Develops a model of low salinity water flooding and a method for evaluating them.  Proposes the use of salinity dependent 
oil/water relative permeability functions resulting from a wettability change.  
Objective of Paper: 
To attempt to develop a model of representing low salinity waterflooding and use it to represent core floods and single well 
tests as well as field scale simulations. 
Methodology Used: 
 Salt is modelled as an additional lumped component and relative permeability and capillary pressure curves are made 
dependent on salinity. 
 Thresholds are used for the salinity effect of 7000ppm and 1000ppm, between which the curves are interpolated and a 
linear function is assumed. 
 Physical dispersion was estimated using dispersivity as a function of distance travelled based on Mahadevan, Lake 
and Johns.  The paper presents dispersivity of ~5% of grid block size. 
 Various slug sizes were tested and the impact of mixing quantified with varying grid size.  
 Impact of dispersion was assessed at 1D and 2D levels. 
Conclusion Reached: 
 Propose a model of using salinity dependent relative permeability and capillary pressure curves to represent the low 
salinity effect. 
 Models produce oil banks in tertiary mode as has been seen in experimental results. 
 At both laboratory and field mixing is important and influences the interpretation and predictions of flood 
performance. 
 Numerical dispersion can be used to represent physical dispersion. 
 Pseudo relative permeability curves and modified salinity curves can be used to approximate finer grid models with 
coarse grid simulations. 
Comments: 
 The approach taken for altering the salinity thresholds in pseudoisation has no physical basis, as do the thresholds 
themselves, therefore, the history matching approach taken is very uncertain as no physics is taken into account.  
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Document ID: SCA2008-39 (2008) 
Title: Comparison of High/Low Salinity Water/Oil Relative Permeability  
Author: Kevin Webb, Arnaud Lager 
Contribution to the Understanding of Low Salinity Water Flooding: 
 One of the first papers to analyse full reservoir condition waterfloods with live crude oils, expressly looking at the 
impact of low salinity waterflooding – in secondary and tertiary mode – on relative permeability curves. 
Objective of Paper: 
 To demonstrate the low salinity effect with full reservoir condition corefloods with live fluids, looking to present 
reservoir condition water/oil relative permeability curves.   
 To identify the speed of recovery of incremental oil. 
 Demonstrate incremental recovery for a wide range of fluid, rock and temperature profiles. 
Methodology Used: 
 Unsteady state corefloods were conducted, using reservoir fluids and core flooding devices able to simulate reservoir 
conditions. 
 In-situ saturation monitoring was completed using linear attenuation of gamma rays. 
 Formation and high salinity brines varied from 15 000 to >200 000ppm with the low salinity flooding using brines 
<5000ppm. 
 Low salinity benefits were measured using mass balance, in-situ saturation and dispersion tests. 
Conclusion Reached: 
 All 7 fields resulted in incremental benefits at reservoir conditions, in the range of ~5-40%.  This occurred over a wide 
range of variations in rock, fluid, saturation, temperature and pressure variations.  
 The data confirmed the results of reduced condition experiments which had previously indicated low salinity benefits.  
 None of the tests showed formation damage or clay swelling, with low salinity end point permeabilities being very 
similar to high salinity floods. 
 Tertiary waterfloods measured at reservoir conditions have different characteristics to those at reduced conditions.  
Comments: 
 In order to reduce the noise in the saturation measurements, chloride ions are removed and replaced with Iodide ions.  
This change to the water chemistry is not discussed, its impact is not justified.   
 Wettability is once again not expressly measured. 
The relative permeability data was corrected to remove the impact of capillary pressures, so that Johnson Bossler Nauman 
technique could be used.  This used a 1D coreflood simulator PAWS. 
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Document ID: SPE113480 (2008) 
Title: Improving Waterflood Recovery: LoSal™ EOR Field Evaluation  
Author: James Seccombe, Arnaud Lager, Kevin Webb, Gary Jerauld, Esther Fueg 
Contribution to the Understanding of Low Salinity Water Flooding: 
 Provides evidence based on interwell and SWCTT to help validate proposed MIE mechanism for improved oil 
recovery. 
 One of the first papers to look at water chemistry with particular focus on dispersion of low salinity water to look to 
optimise injection of slugs. 
Objective of Paper: 
The aim was to quantify the impact of low salinity waterflooding on the Endicott field – North Slope Alaska – and to 
understand in comparing field, simulation and core results the optimum slug for injection. 
Methodology Used: 
 Modelling was used in the geochemical modelling program PHREEQC to generate a model looking at mixing of low 
salinity water with in place saline water, to look at the optimum slug size required to maintain the salinity of the slug 
less than the critical threshold (~5000ppm) for 1PV. 
 Core flooding was carried out on Endicott core samples at reservoir conditions and with live fluids.  Unsteady state 
waterflood was conducted.  In addition low salinity slugs ranging from 10%-100%PV were sequentially injected into 
the cores and the residual in situ saturation measured. 
 Probabilistic petrophysics models were used to estimate the kaolinite content to allow calibration of relative 
permeability model. 
 SWCTT was conducted using Ethyl Acetate tracer.  In all 5 wells were tested including an addition slug test on one of 
the wells.   
 Simulation was conducted with the SWTT using salinity dependent relative permeabilities and history matching, an 
initial level of dispersion of 5% was assumed.  The generated relative permeability curves were altered to achieve a 
match, similar to the procedure followed by Jerauld et al. (2006). 
Conclusion Reached: 
 A relationship between Kaolinite clay content and additional recovery has been established for the Endicott field. 
 A 40%PV low salinity slug was found to be fully effective in the core floods, simulation and SWCTT showing in the 
tests to yield >80% recovery of the continuous injection.  This may provide a more economically attractive proposal.   
Comments: 
 The paper does not conclusively measure the beneficial impact of low salinity waterflood, as the interwell test only 
yielded a reduction in Sor of two saturation units using the available low salinity brine.  It is suggested based on the 
SWCTT that this could be increased to 10 saturation units by using optimised low salinity water.  
 It should be noted that the low salinity water used in the tracer tests varied between wells from 10ppm-1500ppm. 
  
28  Low Salinity Waterflooding for EOR 
Document ID: SPE129564 (2010) 
Title: Low Salinity Water Flooding: Proof of Wettability Alteration on a Field Wide Scale  
Author: Paul Vledder, Ivan Gonzalez, Julio Carrera Fonseca, Terence Wells, Dick Ligthelm  
Contribution to the Understanding of Low Salinity Water Flooding: 
 One of the only papers documenting proof of the impact of low salinity effect in secondary recovery on chan ging the 
wettability at the reservoir scale, resulting in an incremental recovery of 10-15%. 
Objective of Paper: 
To use field observations of the Omar field in Syria with over a decade of production and low salinity water injection, to sh ow 
a change in wettability of the reservoir rock. 
Methodology Used: 
 The change in wettability is indicated through a change (dual steps) in the water cut as well as water banking 
measurements.  These results are supported by spontaneous imbibition core testing and single well log-inject-log tests 
in an analogue field. 
 Initial reservoir conditions were defined by SCAL measurements with history matching the relative permeability 
curves and using Corey exponents as a judge of wettability.  In addition laboratory NMR wettability determination 
was used 
 Open hole logs were obtained in all 115 wells drilled in the field.  From the resistivity it is possible to use the oil 
saturation to infer wettability. 
 RFT was used to determine final oil saturation. 
 Relative permeability type curves are used based on SCAL correlations, used to quantify change in wettability.  
Conclusion Reached: 
 A log-inject-log experiment conducted on an analogue field showed a change in wettability from W=1 to W=0.2-0.4 
after injection of low salinity brine. 
 It was seen in the water cut analysis that the wells showed an initial water breakthrough followed by a period of stable 
water cut and then followed by a second breakthrough.  This dual step in water cut indicates the water banking that 
had been previously estimated through analytical Buckley-Leverett analysis. 
 In total 21 observations were recorded that show wettability change occurring in the reservoir, from data of wells 
throughout the field.  These observations are related to watercut development.  
Comments: 
 The proposed value of incremental oil is based on estimating relative permeability curves of the reservoir based on a 
high salinity flood. 
 The paper although indicating proof of a wettability change based on the numerous observations, can really only b e 
used as more evidence, since due to the fact that wettability is inferred from other properties we cannot discount all 
variables in the system since we know too little of the production history from the paper.   
 Further, the expressed incremental increase in recovery is estimated, since the reservoir was flooded with low salinity 
water from the start it is not possible to state how the reservoir would of performed under high salinity flooding 
directly. 
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Document ID: SPE129692 (2010) 
Title: Demonstration of Low-Salinity EOR at Interwell Scale, Endicott Field, Alaska 
Author: Jim Seccombe, Arnaud Lager, Gary Jerauld, Bharat Jhaveri, Todd Buikema, Sierra Bassler, John Denis, Kevin Webb, 
Andrew Cockin, and Esther Fueg, BP, SPE 
Contribution to the Understanding of Low Salinity Water Flooding: 
One of the first published tests of the use of low salinity waterflooding for enhanced oil recovery at inter -well distances. 
Objective of Paper: 
To demonstrate that low salinity waterflooding can lead to increased oil recovery and further assess the following risks to field 
implementation of the technique: 
1. Whether mixing or other mechanisms reduce the effectiveness of low salinity flooding.  
2. Whether the adverse mobility ratio of the oil bank and injected water results in viscous fingering. 
Methodology Used: 
 A single reservoir zone (30-45ft) in the Endicott field located on the Alaskan North-slope, was tested using a doublet 
(injector and producer) arrangement at a distance of 1040ft. 
 The producer was monitored for variations in watercut and ionic composition. 
 Field was initially flooded with produced saline water until a water cut of 95% was achieved. 
 After this the injection water was switched to low salinity water injection. 
 Low salinity water came from a nearby aquifer. 
 Reservoir simulation at 1D and 2D levels were looked at using the approach developed by Jerauld et al. (2008).  It 
used low salinity relative permeability curves and history matching to match corefloods and SWCTT.   
Conclusion Reached: 
 The effect of low salinity water injection was realised at the producer after 3 months of injection, when the separator 
and wellhead meter showed a drop in water cut from 95% to 92%.  The timing of this drop corresponded with the 
breakthrough of low salinity water. 
 After the injection of 1.3PV of low salinity water the incremental oil recovery was 10% of the total swept PV.   
 It is predicted that tertiary low salinity flooding will drop residual oil saturation from 41% to 28%. 
 The trial showed that the risks with mixing and mobility ratio did not adversely affect the performance of the flood.  
 The reservoir simulation models suggested that low salinity waterflooding would not have a problem with viscous 
fingering or mixing. 
Comments: 
 From one test it is not possible to categorically state that mixing and mobility ratio will not have a great effect on 
other fields.  This well was carefully selected in order to prove the technology and as such a screening procedure still 
needs to be developed. 
 The calculation of pore volume swept was done with the aid of tracers. 
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Document ID: IPTC17157 (2013) 
Title: The Development of a Workflow to Improve Predictive Capability of Low Salinity Response  
Author: B.M.J.M. Suijkerbuijk, H.P.C.E. Kuipers, C.P.J.W. van Kruijsdijk, S. Berg, J.F. van Winden, D.J. Ligthelm, H. 
Mahani, M. Pingo Almada, E. Van den Pol, V. Joekar Niasar, J. Romanuka, E.C.M. Vermolen, I.S.M. Al-Qarshubi, Shell 
Global Solutions International B.V. 
Contribution to the Understanding of Low Salinity Water Flooding: 
Presents one of the first workflows for screening reservoirs based on potential benefits in implementing low salinity water 
flooding.  The paper proposes that low salinity investigations cannot be based on bulk measurements and must look at surface 
compositions and forces.  Further, they find that MIE cannot be seen as the primary driver for incremental oil recovery as th e 
oil production seen in the field occurs before MIE would have had time to occur.  They suggest that Double layer expansion 
(DLE) is the reason for increased recovery. 
Objective of Paper: 
To setup a workflow of linking the microscopic changes in the rock, oil and water interactions to the bulk changes seen in 
experiments. 
Methodology Used: 
 Experiments are conducted on three reservoir cores using a low salinity water flood in tertiary flooding.  
 Amott-type spontaneous imbibition tests are completed. 
 Surface potentials of the reservoir rock and oil were selected at both high salinity and low salinity. 
 Wetting angle changes are monitored over aging in high salinity brine and then the effect of exposure to low salinity 
brine. 
Conclusion Reached: 
 Application of successful low salinity flooding results in a change in the wettability towards more water-wet; this is 
consistently seen at the atomic scale and at the core scale.  
 The changes in the surface conditions correlate to large scale observations in core measurements such as the increased 
recovery and resulting reduction in Sor. 
 It is suggested that the time taken to undergo a wettability change may be longer than traditional SCAL 
measurements, which may have led to mis-leading results from previous experiments. 
 Surface potentials become more negative when cores are transferred from high salinity brine to low salinity brine, 
with the crude oil also being more negative. 
 It is seen that at the low salinity front (coinciding with the incremental oil production) there is a lowering in the ionic 
strength of the solution.  This will result in a decrease in surface potentials of both the oil and rock making both more 
negatively charged and as a result increasing the repulsive forces between them leading to DLE.  
 Suggests that double layer expansion is the explanation for the low salinity effect, since it is believed that Cation 
exchange is expected to only occur after the breakthrough of the low salinity bank.  
 The wetting angle phase change is seen to take ~50hrs to reach a stable contact angle.  Upon exposure to low salinity 
brine there is a decrease in the contact angle eventually leading to full detachment.  An important result is that the 
time to detachment varies greatly in the tested case by up to 50hrs.  This must influence future SCAL procedures.  
 The paper suggests the idea that there are three water zones developed the original low salinity formation water; low 
salinity brine (stripped of multivalent cations) and low salinity injected brine.  These were verified using PHREEQC 
simulator. 
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Appendix B – Low Salinity Workflow 
 
Figure B1 – Proposed low salinity project evaluation workflow courtesy of Suijkerbuijk et al. (2013), highlighting area of 
current research. 
Appendix C – Dispersion Factor 
Dispersion describes the “the movement of the species not attributable to the mass-average flow of the water”,(Pinder & Celia 
N.D.) that is to say the movement of the contaminant in this case salt which are attributed to the microscopic flow parameters 
which influence flow in a porous media.  As expressed in equation (9) the dispersion in a reservoir is a component of 
molecular diffusion under a concentration gradient (accounted for through Fick’s laws of diffusion, and its modifications) and 
a velocity dependent dispersion (convective mixing).  This latter component is in reality an amalgamation of number of pore 
level mixing effects, several of which are identified below:   
1. Tortuosity of porous media means that there is significant deviation to the movement of salt resulting in essence in 
turbulent mixing. With the flow path distance of differing particles starting at the same point varying as well as 
analogous mixing with eddies.  Further, causing continuous variations in the magnitude and the direction of the 
velocity component of flow. 
2. The variation in velocity profile across the pore, often referred to as hydrodynamic dispersion 
3. Mixing due to reservoir heterogeneity. 
All these lead to microscopic velocity variations which cause an increase in mixing.  It could be said that the molecular 
diffusion is the mixing at the atomic scale driven described through Brownian motion, with the convective mixing driven by 
velocity variations at the pore scale.  These mixing mechanisms can be simulated to a degree using pore scale modeling, 
though at the reservoir scale approximations must be made in order to account for the effect of the porous media on mixing. 
Therefore, a number of studies have attempted to provide a macroscopic value to quantify the dispersion.  The molecular 
diffusion component of the equation can be found in literature and is generally speaking a known constant.  The dispersion has 
been an area of great study.  It is generally expressed that there is an increase in the value of dispersion as the length scales 
between the injector and producer increase.  As can be seen with the work by Gelhar et al. (Gelhar et al. 1992), Figure 2 and 
the correlations produced.  However, as can be seen with the plot of experimental data there is a great deal of uncertainty, with 
data plotted on a log scale, and as seen in this study a particular well distance can have an estimated dispersion range of  the 
factor of 10 difference.  This value presented is for a dispersivity coefficient, and it is essentially a factor which defines the 
mixing derived from the porous media attributes, with the dispersion being a multiple of this and the magnitude of the v elocity.  
However, even with this experimental data there is an issue in that the data compiled includes some systems that are very 
heterogeneous and other include layering, resulting in issues with the actual definition of the. 
Without the use of SWCTT or inter-well test it is difficult to assert any greater confidence to this value, however, work 
recently presented by Adebi et al. (2013) has implemented a program using imaging of porous medium and a pattern generator 
to predict effective diffusion and dispersion coefficients.  This work provides an interesting prior method which could be us ed 
as an input to reservoir simulation, the authors indicate that there is a good match to experimental data, however further 
evidence of this would be required. 
Returning to equation (9) it was seen that molecular diffusion was neglected in this study, this was based on the assumption 
that the flow velocity was high (high Peclet number – ratio of advection to diffusion) leading to the molecular diffusion 
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coefficient being negligible in magnitude compared to physical dispersion.  This is true for the majority of reservoirs; however, 
tending to more tight reservoirs where flow velocity can be very small then the convective mixing can be very small, leading 
difficulty in applying the data exactly to generalized reservoir cases. 
The result of this is the use of dispersion by many is seen as tuning parameter in water services, and is even less thought of 
in the reservoir engineering side, but it is clear that this is a determining parameter in EOR studies of low salinity and beyond.  
The use of a macroscopic dispersion coefficient, fundamentally does not address the physics of the interactions taking place in 
the reservoir, however so long as the current set of simulation techniques are used there will need to be an attempt to estimate 
the level of mixing.  Most importantly the engineer must understand the implications of simulating a waterflood with one level 
of physical dispersion or more commonly with one grid arrangement.  If this is done then the user is pre-conditioning the 
model with a certain level of mixing which may lie outside the bounds of what is realistic.  This is a comprehensive subject in 
itself and it is suggested that for greater depth of understanding the reference articles and books cited be referred to.  
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Appendix D – Grid Designs and Permeability Realisations 
 
Appendix D1 – 2D Grids (Course 20x20x1 cells) 
 
 
Figure D1 – Permeability realizations for 400 cell 2D model. 
 
Appendix D2 – 2D Grids (Course 200x200x1cells) 
 
 
Figure D2 – Permeability realizations for 40 000cell 2D model 
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Appendix E – Grid Orientation Effect 
 
 
Figure E1 - Schematic of flow direction between injection and production wells on parallel and diagonal grid arrangement.  
Well distance approximately the same in this schematic. 
 
From Figure E1 it can be seen diagratimatically that the diagonal grid results in greater sweep efficiency by contacting more  
cells and therefore displacing a larger volume of high salinity water on its route to the producer.  The flow path is longer for the 
diagonal grid compared to the parallel arrangement resulting in differences in the water breakthrough time.  
Appendix F – Additional Results 
Appendix F1 – Grid Orientation 
 
 
Figure F1.1 – Recovery factor curves for Diagonal and parallel grids at 3 mobility ratios with M=1.6-5.3.  Cases presented 
display the impact of grid orientation at 3 different levels of dispersion placed in the model.  
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Appendix F2 – Dispersivity 
 
 
Figure F2.1 – Incremental recovery for varying dispersion coefficients at V=0-0.72 and for M=1.6-5.3. 
 
 
Appendix F3 – Formation Damage 
 
Figure F3.1 – Results for impact of reduction factor on incremental recovery after 2PV of injection, for M=0.3-5.3 at reservoir 
heterogeneity levels of V=0.28 and V=0.6. 
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Figure F3.2 – Results for the impact of critical salt concentration on incremental recovery after 2PV of injection, for M=0.3-5.3 
at reservoir heterogeneity levels of V=0.28 and V=0.867. 
 
 
Appendix F4 – 3D Grid  
 
 
Figure F4.1 – Results for the impact of dip angle and the kv/kh ratio for a homogeneous reservoir at M=0.3-5.3. 
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Figure F4.2 – Results for the impact of dip angle and the kv/kh ratio for heterogeneous reservoirs – V=0.53 and V=0.77 – with 
M=1.3. 
 
 
